Here we report the expression of the zebra®sh zic1 gene, also known as opl, a homologue to other vertebrate Zic genes and the Drosophila odd-paired gene. zic1 expression starts during epiboly stages in lateral parts of the neural plate and eventually comes to lie in dorsal regions of the developing brain following the morphogenetic movements of neural tube formation. To address the question whether BMP2 signalling affects the extent of zic1 expression, we analysed swirl and chordino mutant embryos. Expanded Zic1 expression in swirl and reduced expression in chordino as well as in bmp2 injected embryos suggest that BMP2 and its antagonists de®ne the extent of zic1 expression in the neural plate. By searching for factors responsible for the dorsal restriction of Zic1 expression, we found zic1 expression is eliminated in sonic hedgehog (shh) injected embryos. The most rostral expression however is not affected by Shh suggesting that Shh plays a different role in dorso-ventral patterning of the future telencephalon. During somitogenesis zic1 is expressed in the dorsal most part of the developing somites. Here zic1 marks cells that are distinct from the main adaxial somite portion, the future myomere. zic1 expression in the somites is expanded in swirl but reduced in shh injected embryos, suggesting these factors have opposing activity in dorsoventral patterning of the somites. Later, a growing mass of zic1 expressing cells occurs in a dorsal mesenchyme that eventually invades the dorsal ®n fold, suggesting a somitic contribution to the dorsal ®n mesenchyme. q
Introduction
Several zinc ®nger genes are known from mouse and Xenopus that show a striking sequence similarity to the odd-paired gene (opa) in Drosophila. Drosophila opa acts as a pair rule gene during blastoderm stages and later is involved in specifying the visceral mesoderm (Ingham et al., 1988 , Benedyk et al., 1993 , Cimbora and Sakonju, 1995 . Its vertebrate homologues, named Zic genes, are mainly expressed in dorsal parts of the central nervous system, in the somites, and in the limb buds Nakata et al., 1997; Mizuseki et al., 1998) .
During early vertebrate development, the dorsoventral axis is established by the ventralizing activity of bone morphogenetic proteins (BMPs) and the opposing activity of factors expressed in the organizer: Chordin, Noggin and Follistatin (reviewed by Hogan, 1996) . The organizer molecules, also expressed in the axial mesoderm, induce the dorsal ectoderm to adopt a neural fate. In this process, the organizer molecules compete as neuralizing factors with the epidermalizing activity of BMP, thereby patterning the ectoderm along the dorsoventral axis (Sasai et al., 1994; Piccolo et al., 1996) . Studies in Xenopus have suggested possible functions of the Zic genes in neural plate and brain patterning. Activated shortly after induction of the neural plate by the underlying mesoderm, Zic genes may directly respond to mesodermal signalling by Chordin and Noggin and are therefore candidates for genes bridging neural induction and neuronal differentiation (Nakata et al., 1997; Mizuseki et al., 1998) . Together with Gli genes that are similarly expressed (Ruiz i Altaba, 1998) and code for zinc ®ngers of a related type (Aruga et al., 1994) , they might be involved in de®ning different regions of the neural plate.
It is known from studies in chick that BMP is involved in patterning the somites (Pourquie et al., 1996) . During vertebrate development, the somites are the metameric organized mesoderm that gives rise to dermis, muscle and most of the skeleton. The somites can be divided in an epaxial (dorsal) and a hypaxial (ventral) portion according to the subdivision of the somitic derivatives . The mouse genes Zic1, Zic2 and Zic3 are expressed not only in parts of the nervous system, but also in parts of or in the whole epaxial somite .
Here we have cloned a Zic homologue from zebra®sh, zic1. In parallel, this gene has been cloned by Grinblat et al. (1998) and named opl. In their study, zic1/op1 has been used as marker for forebrain cell fates, and they show the dependence of forebrain patterning on continued organizer function. They also report the in¯uence of BMP4, which promotes ventral fates and suppresses zic1/opl expression.
In our study, we focused also on zic1 expression in the somites and extended the analysis to examine the in¯uence of Hedgehog and BMP2 signalling.
Results

Cloning of zic1
The open reading frame of the zebra®sh odd-paired like gene codes for 441 amino acids, including a zinc ®nger domain of 158 amino acids with ®ve zinc ®ngers. This domain shows high similarity to the mouse Zic genes (B,C) Similarity trees of Zf-zic1 compared with other zinc ®nger genes. The calculations are based on CLUSTAL alignments (see Experimental procedures) with the amino acid sequences of the conserved zinc ®nger region of 165 amino acids in Zic genes and 163 amino acids in Gli genes, respectively (B), or the full length clones (C). The branch lengths represent the molecular distances between taxa. (B) Similarity tree of known vertebrate Zic and Gli genes and the three most related zinc ®nger genes from invertebrates, cubitus interruptus Domiant (ciD) and odd paired (opa) from Drosophila melanogaster, and the tra1 gene from Caenorhabdites elegans. (C) Similarity tree of the Zic genes that are available as full length clones. (Aruga et al., 1996a,b) and to three isolated Xenopus Zicrelated genes (Nakata et al., 1997; Brewster et al., 1998 , Mizuseki et al., 1998 . The same sequence has been submitted to Genbank during the present study by Grinblat et al. (1998) under the name opl. Nevertheless, we named the zebra®sh gene Zic1 (zic1), as all other vertebrate members of the odd-paired like genes are known as Zic genes.
The most closely related Zic gene in mouse is Zic1, showing 97.6% amino acid identity in a conserved region of 165 amino acids, containing the zinc ®nger region. In addition to the zinc ®nger domain, zic1 contains a conserved motif in the N-terminal region (FNSTRDFLFRNR) with 100% identity to mouse Zic1, Xenopus Zic-related-1 and Xenopus Zic3. As described for the mouse Zic genes (Aruga et al., 1996a) , the N-terminal region is alanine rich (14% alanine in the region between residues 1 and 215 compared to overall 8%), and the C-terminal region is serine rich (37% serine in the region between residues 380 and 442 compared to overall 13%) (Fig. 1A) .
To get an overview about the relationship of zic1 we aligned the zinc ®nger region of the known Zic genes from vertebrates, the Gli genes and three closely related genes from invertebrates. The similarity tree clearly shows the Zic genes to be a family related to Drosophila oddpaired, whereas the Gli genes are more closely related to Drosophila cubitus interruptus Dominant (Fig. 1B) . With the Zic genes available as full length clones we carried out a further alignment of the whole ORF. The resulting alignment shows that the Zic1 type genes form a closely related group (Fig. 1C) .
Expression in the neural plate and brain
The sites of zic1 expression during embryogenesis were determined by in situ hybridization. Expression of zic1 is ®rst detected at about 70% epiboly in a broad stripe in the anterior part of the forming neural plate ( Fig. 2A) . This domain shows already a slight indentation in the midline region (arrowhead in Fig. 2A ) and becomes u-shaped during further epiboly stages, following the shape of the neural plate (Fig. 2B,C) . A narrow row of zic1 expressing cells extends posterior along the margin of the neural plate (Fig. 2B, arrow) , showing slight thickenings in the region of the later midbrain-hindbrain boundary ( Fig. 2F, arrow ; see also Fig. 9A ).
Following the dorsal fusion of the lateral parts of the neural plate during neural tube formation, zic1 can be found throughout the dorsal forebrain, becoming excluded from the eye anlagen (Fig. 2D,E) . The more posterior zic1 expression in the cells situated along the lateral margins of the neural plate comes to lie in the dorsal midbrain and hindbrain anlagen (Fig. 2G,H) . To map the posterior extent of the anterior domain more precisely, we have employed double stainings with pax-2.1 as a marker for the midbrainhindbrain boundary (Krauss et al., 1991; Lun and Brand, 1998) . The distance of the anterior domain to the pax-2.1 expression (Fig. 2C) suggests that the zic1 domain constitutes the presumptive forebrain region.
During somitogenesis, zic1 expression is present dorsally in all parts of the brain (Figs. 2H and 9E) , with a weaker expression in the tectum and in hindbrain rhombomeres 5 and 6 (Fig. 2J, arrowheads) . At 20 hpf a weak expression becomes apparent in the optic stalk (Figs. 2J and 9E, F) . The pattern of brain expression remains stable until approximately 4 dpf, when it resolves into a complex pattern of single cells and larger structures predominantly of the dorsal brain (not shown).
Expression in the somites
During somitogenesis zic1 is a marker for the dorsal part of the somites. Expression in the somites starts at the ®ve to six somite stage simultaneously in all morphologically evident somites (Figs. 2G and 3A) . Around the 20 somite stage zic1 expression covers nearly the dorsal half of the somite (Fig. 3C) , eventually becoming more and more restricted to a small number of dorsalmost cells (Fig. 3D,G) . Double stainings with myoD, a gene of the myogenic pathway that marks the central part of the somites already in the presomitic mesoderm (Fig. 3F) , show that the dorsal zic1 expressing cells do not contribute to the myomere. First zic1 expression in the dorsal cells partly overlaps with the expression of myoD and a-tropomyosin, a muscle differentiation marker (Fig. 3C ), then becoming clearly separated from the myomere (Fig. 3E ), being expressed in mesenchymal cells dorsal to the neural tube that do not differentiate to muscle during somitogenesis (Fig. 3G) .
In contrast to the somites of the trunk, the 10 posteriormost somites of the tail maintain a more ventrally extended domain of zic1 expression throughout their development ( Fig. 4A ), resulting in an enlarged portion of zic1 expressing dorsal mesenchyme (Fig. 4D) . From 30 hpf onwards the whole zic1 expressing dorsal portion of these somites narrows increasingly (Fig. 4B) , being obviously shifted dorsally (Fig. 4C) .
Around 40 hpf the zic1 expressing cells of the dorsal mesenchyme extend ®lopodia dorsally (Fig. 5A, arrow) and invade the ®n fold (Fig. 5B,C) . During further development invading cells follow a scaffold of collagenous ®n rays, named actinotrichia . zic1 expressing cells are only present along the actinotrichia in the dorsal ®n fold (Fig. 5D,E) . Most, if not all mesenchymal cells that come to lie in between the dorsal ®n fold ectoderm seem to express zic1 (Fig. 5F , arrowheads).
zic1 expression in the dorso-ventral patterning mutant swirl
The zebra®sh swirl gene codes for BMP2 (Kishimoto et al., 1997 , Nguyen et al., 1998 with swirl mutant embryos exhibiting expanded dorsal structures such as notochord and somites, and reduced ventral structures . We analysed the zic1 expression in these mutants to address the question how far early dorsoventral patterning by the BMP pathway in¯uence the patterning of the anterior nervous system and the somites.
In the swirl mutant, the u-shaped domain in the neural plate is replaced by a larger circular domain covering the animal pole (Fig. 6B,D) with an indentation in the midline region as in wild type (arrow in Fig. 6B ). The more posterior expression in the lateral neural plate observed in wild type is shifted ventrally in swirl (arrowheads in Fig. 6D) .
In later stages, extensive zic1 expression is detected in various tissues of the swirl mutant. Most of the strong expression is located in brain tissue and throughout the whole somites. In the dorsalized swirl phenotype, the somites are ventrally fused and therefore extend around the circumference of the embryo . Thus the somites form rings surrounding the trunk with a broad gap at the dorsal side where the enlarged notochord is located. zic1 is expressed in the whole somites in swirl (Fig.  6E ), similar to myoD .
zic1 expression in chordino mutants and bmp2 injected embryos
The chordino gene codes for the zebra®sh chordin homologue (Schulte-Merker et al., 1997) and the mutant shows a ventralized phenotype as expected for increased BMP2 activity due to the loss of one of its repressors. We analysed the zic1 expression in chordino and bmp2 injected embryos with respect to gradual effects of different BMP2 doses. In the chordino mutant zic1 expression can only be detected as a weak signal in the neural plate, varying somewhat between different mutant individuals, but being always much narrower than in wild type (Fig. 7A,B) . In chordino individuals with only a less severely reduced anterior domain the indentation in the midline region is enlarged (Fig. 7B, arrowhead) . At early somitogenesis, the effect on zic1 expression is still evident (Fig. 7D) , but eventually the expression becomes similar to the wild type with some minor alterations in the forebrain (Fig. 7E) . No obvious alterations are observed in the somites (Fig. 7F) .
According to its function in early pattern formation, ectopic bmp2 expression leads to ventralization of the zebra®sh embryo (Kishimoto et al., 1997) . Overexpression of bmp2 leads to a reduction of zic1 expression in the neural plate during gastrulation stages (Table 1) . At lower bmp2 doses, most embryos show a zic1 domain that is narrower and weaker than in uninjected ones (arrows in Fig. 8A ). At higher bmp2 doses, zic1 expression is missing at these early stages.
At the 14-to 16-somite stage, bmp2 injected embryos can be classi®ed morphologically into different grades of ventralization (V1 to V4) according to the nomenclature in Kishimoto et al. (1997) . zic1 expression is still present in dorsal parts of the brain rudiment of moderately to strongly ventralized embryos (V1 to V3, arrowheads in Fig. 8B,C) . The expression in the somites seems to be normal in V1 to V3 embryos (Fig. 8B, arrow in C) , also in the absence of the notochord that is missing in V3 embryos (Fig. 8D) . Extremely ventralized phenotypes lose all zic1 expression (Fig. 8E) . As a control, we injected RNA of a bmp2 clone containing a frame shift mutation in the 5 H region (S.S.-M., unpublished data). In these embryos, we neither observed morphologically abnormal embryos nor altered zic1 expression (not shown). 
Ectopic Hedgehog expression alters zic1 expression
The zebra®sh sonic hedgehog (shh) gene is involved in dorsoventral pattern formation of the neural plate . It has also been shown that the SHH signal of the midline is required for the induction of different muscle cell fates during somite differentiation in vertebrate development (Devoto et al., 1996; Bladgen et al., 1997; Borycki et al., 1998) . Furthermore shh expression in the anterior brain is involved in de®ning the proximal parts of the developing eye (Krauss et al., 1993; Ekker et al., 1995; Macdonald et al., 1995) . As zic1 is expressed in regions that are in¯uenced by Hedgehog signalling, we injected in vitro transcribed shh mRNA into fertilized eggs between the 1 and 4 cell stage to test for in¯uences on zic1 expression.
Injection of shh RNA causes a clear reduction of zic1 expression in brain and somites. At epiboly stages, the neural plate expression is reduced to a smaller anterior domain (Fig. 9D) , lacking the indentation in the midline (84 of n 105). The expression in the lateral cells of the neural plate is totally eliminated in all these cases. We were not able to reduce the small anterior zic1 expression further by increasing the amount of injected RNA up to approximately 200 pg per embryo (n 31). In older stages, the zic1 expression in the diencephalon, midbrain and hindbrain is absent or reduced to some scattered single cells in dorsalmost regions expressing zic1 (143 of n 164) (Fig. 9G) . In contrast, the expression in the telencephalon is not observed to be reduced at all, not even with higher RNA concentrations (approximately 200 pg; n 42). In most somites of nearly all injected embryos (158 of n 164) the zic1 expression is eliminated (Fig. 9K ). In the lac-z injected controls, we never observe any speci®c effect on zic1 expression (n 256, different stages).
In shh injected embryos the optic stalk is known to be enlarged, at the cost of distal structures such as the lens, because shh is involved in de®ning the proximal eye parts (Macdonald et al., 1995) . In the optic stalk of shh injected embryos zic1 expression is much stronger compared to the control embryos (Fig. 9H) . Despite the fact that zic1 expression is severely affected by shh overexpression, zic1 expression is not obviously altered in the sonic you mutant (not shown) that lacks shh function Schauerte et al., 1998) .
zic1 expression in midline mutants
A variety of midline defective mutants have been isolated in zebra®sh. Midline signals originate from structures like notochord and¯oor plate and are involved in brain (for review see Kelly and Melton, 1995) and somite patterning (Concordet et al., 1996; Bladgen et al., 1997) . To understand the effects of these genes on zic1 expression, with special respect to the role of Hedgehog midline signalling, we investigated the zic1 expression in midline defective mutants.
The cyclops mutant shows no¯oor plate, resulting in various CNS defects. In the cyclops mutant forebrain, the absence of the ventral midline causes fusion of the eyes and a severe reduction of the ventral forebrain in general (Hatta et al., 1994) . The early zic1 domain in the anterior neural plate lacks the indentation in the midline (Fig. 9B) . As the ventral diencephalon is missing in cyclops embryos, this In the injected embryo somitic zic1 expression is absent, whereas in this specimen a reduced hindbrain expression is still visible. Abbreviations: e, eye primordium; t, telencephalon. observation supports the idea that the indentation of zic1 expression corresponds to the future ventral diencephalon. The expression in the somites of cyclops mutants appeared to be normal (not shown).
To test notochord speci®c signals as candidates for regulating zic1, we also analysed the zic1 expression in¯oating head and no tail embryos that have severely reduced notochords (Halpern et al., 1993; Talbot et al., 1995; . The zic1 expression in these mutants was not distinguishable from the wild type (Fig. 3B and data not shown), indicating that notochord signals do not obviously in¯uence zic1 expression.
zic1 expression in the masterblind mutant
The masterblind mutant shows severe forebrain defects with a reduced telencephalon and missing eyes . The u-shaped zic1 expression in the neural plate at 90% epiboly in wild type embryos is altered in masterblind, showing a much larger indentation of expression in the midline (Fig. 9C ). There is generally less tissue expressing zic1 in the neural plate of this mutant. In accordance with the reduced telencephalon and missing eye in the masterblind phenotype, we suggest that most of the area surrounded by and including the v-shaped domain in masterblind correlates with diencephalic structures.
Discussion
zic1 is a member of a highly conserved zinc ®nger protein encoding gene family
With its strong similarity to mouse Zic1 and Xenopus Zicrelated1 the zic1 gene is the ®rst known gene of this group of odd-paired related zinc ®nger genes in zebra®sh (see also Grinblat et al., 1998) . The expression of the Xenopus genes Zic-r1 (Mizuseki et al., 1998) and Zic3 (Nakata et al., 1997) is similar to zebra®sh zic1 in the neural plate and the brain, with an additional strong expression in the dorsal spinal cord. Until now no somitic expression of the Xenopus Zic genes has been described, whereas three mouse genes, Zic1, Zic2 and Zic3, are expressed in dorsal somite parts similar to zic1 . The most conserved aspect is the dorsal neural plate and brain expression that might re¯ect an ancestral situation, but as the somitic expression occurs in mouse and zebra®sh, it might also have an ancestral function.
zic1 expression in the neural plate is modulated by genes of the BMP pathway and its antagonists
The dorsoventral patterning of the ectoderm depends on the antagonizing activity of the organizer molecules like Chordin and the epidermalizing factor BMP (reviewed in Hogan, 1996; Sasai and DeRobertis, 1997) . The enlarged zic1 neural plate expression in swirl, where BMP2 signalling is absent (Kishimoto et al., 1997; Nguyen et al., 1998) , and the reduced zic1 expression in chordino and bmp2 injected embryos is consistent with the idea that BMP represses neural fate and needs to be repressed by antagonizing factors like chordino to form a proper neural plate (Neave et al., 1997; Nikaido et al., 1997) . Furthermore, the narrow zic1 domain in chordino can be explained by a gradual in¯uence of different doses of BMP acting as a morphogen. According to such a model, low doses of BMP2 in swr allow an enlarged territory of dorsal ectoderm to express zic1. High doses of BMP2 in chordino mutants and in bmp2 injected embryos result in a shift towards ventral cell fates at the expense of dorsal cell fates and therefore scale down the circumference of the zic1 domain.
The indentation of the anterior domain in the midline might be generated by an interaction between Hedgehog and BMP signalling. Our shh injection experiments show that Hedgehog signalling is involved in generating the indentation. The indentation is enlarged at higher BMP levels in chordino and bmp injected embryos. Dale et al. (1997) have reported that BMP signalling from the prechordal plate enhances the shh response in this region in mouse. In zebra®sh, BMP2 and BMP4 are not only expressed in the ventral ectoderm, but also in the anterior dorsal mesoderm and therefore might act similarly.
zic1 is affected by ventralizing Hedgehog signals
The altered neural plate expression in cyclops and the normal expression in¯oating head and no tail reveal that signals from the¯oor plate are involved in regulating zic1 rather than notochord signals. Although the zic1 expression is normal in the sonic you mutant, the dramatic effects of ectopic hedgehog expression suggest hedgehog to be a key player in regulating zic1 expression. An explanation for the absence of effects in most midline mutants might come from the possible redundancy of hedgehog genes. Three hedgehog genes are known from zebra®sh that are expressed differently in¯oor plate and notochord . Two of them, tiggywinkle hedgehog (twhh) and echidna hedgehog (ehh) are present in sonic you and might even replace some aspects of shh function in this mutant . A partially redundant function of Hedgehog signals has also been suggested in a study on branchiomotor neuron induction (Chandrasekhar et al., 1998) . In cyclops, twhh expression is eliminated due to loss of the¯oor plate, but shh/ehh expression is still present in the notochord. This might explain unaltered zic1 expression in the somites, with the notochord being a suf®cient source for Hh signalling. In contrast, there is no possibility of shh or ehh replacing twhh function in the anterior neural plate in cyclops embryos at 100% epiboly, because the anterior border of ehh expression lies in the region of the hindbrain at this stage (Currie and Ingham, 1996) , which is also the case for shh in cyclops (Krauss et al., 1993) . Thus, the extension of the anterior zic1 domain into the medial part of the neural plate can be seen as a result of missing Hedgehog signalling in this area.
In shh injected embryos, the zic1 expression of the telencephalon remains super®cially unaffected, which suggests that the in¯uence of shh on dorsoventral patterning in the telencephalon might differ from the rest of the brain.
Regulation of zic1 in the somites
Various studies have demonstrated that the somites are patterned by Hedgehog midline signalling, Wnt signals from the adjacent ectoderm and further signals from the lateral plate mesoderm (reviewed in Tajbakhsh and Cossu, 1997) . Most of the work has been done in chicken and mouse, and it has become clear that the somite differentiation in zebra®sh differs in various aspects from these organisms (Currie and Ingham, 1998) . In chick, BMP4 patterns the somite from the adjacent lateral plate mesoderm (Pourquie et al., 1996) , and in different vertebrates expression of BMP like genes suggests further BMP patterning activity from the midline (Basler et al., 1993; Liem et al., 1995; Rissi et al., 1995) .
The expanded zic1 expression in the somites of swirl can be explained by the disruption of either early BMP activity at gastrulation or late BMP activity arising from the BMP expression in the dorsal midline (Chin et al., 1997; Martinez-Barbera et al., 1997) . The apparently normal zic1 expression in chordino somites suggests that defects in early dorsoventral patterning does not necessarily disturb somite formation. In chick it is known that noggin, expressed in the dorsal epaxial somite, represses BMP activity originating from dorsal midline structures. This repression keeps the dorsal epaxial somite free of BMP in¯uence. Further ventrally, BMP patterns the somite via Wnt signalling (Marcelle et al., 1997) . Although noggin is not expressed in the right place in zebra®sh (Bauer et al., 1998) , another protein or an unknown paralogue of Noggin protein might be present and act as a suppressor of BMP. In such a scenario, BMP might act by repressing zic1 expression. The presence of a repressor of BMP in the dorsal epaxial somite would explain why in wild type only this part expresses zic1. Consequently, in swirl mutants, the zic1 expression would be expanded, because its repression by BMP is reduced.
In chick, Hedgehog signals have been shown to be involved in dorsal somite patterning (Marcelle et al., 1997) . In zebra®sh, ectopic shh expression leads to dorsally expanded muscle cell fate (Bladgen et al., 1997) , whereas dorsalin-1, a BMP like signal originating from the dorsal midline, antagonizes the induction of muscle pioneer cells by Hedgehog in the somite (Du et al., 1997) . In our study, the reduced zic1 expression in shh injected embryos shows that Hedgehog signalling may be involved in de®ning the zic1 expressing the dorsalmost part of the somite. In the midline mutants and in the bmp2 injected embryos without notochord, the apparently normal somitic expression suggests no, or only a minor in¯uence of¯oor plate and notochord on zic1 expression. However, the redundant expression of hedgehog family members in zebra®sh might explain why there are no dramatic effects in these mutants. Analyses of zic1 expression in double mutants will help to determine which other regulators are involved.
An early de®ned dorsal portion of the somites might contribute to the mesenchyme of the dorsal ®n fold. Following zic1 expression in the dorsal somitic cells suggests that these cells move dorsally, contributing to the dorsal mesenchyme and the dorsal ®n fold. Such a somitic contribution to the median ®n fold has been described earlier for the trout (Francois, 1958) , where it has been shown that dorsal somitic cells give rise to the ®n musculature. Smith et al. (1994) showed that DiI labelled dorsal neural crest cells were later found in the median ®ns, suggesting a prominent contribution of the neural crest to the ®n mesenchyme. In their experiments, however, they often found in addition myotubes marked due to uneven DiI placing. Thus, their studies do not rule out a possible somitic contribution to the median ®ns, as they could not exclude having marked zic1 expressing cells that might invade the median ®ns together with neural crest cells.
Experimental procedures
Cloning of zic1
To ®nd odd-paired like genes from zebra®sh we carried out PCR with degenerate primers against the conserved zinc ®nger region of vertebrate Zic genes. The sequences of the primers were: Zic sense: gccttyttcmgntayatg and Zic antisense: tgxacyttcatrtgytt. For the PCR reactions we used cDNA made from a broad range of developmental stages up to 5 dpf. The PCR yielded a 483 bp fragment, which was then used to screen an embryonic a-zap cDNA library (a gift of J. Campos Ortega, Cologne). The sequences were determined from both strands on an ABI 377XL automated sequencer (Applied Biosystems).
The screening of the cDNA library yielded several clones of the same gene showing strong similarity to known vertebrate Zic genes. They are different in length and have identical sequences, except for a different 3 H end in a subset of clones. The type containing the shorter 31 end shows essentially the same sequence as a gene named oddpaired like (op 1) that has recently been submitted to Genbank under the accession number AF052435 (Grinblat et al., 1998) . For our analyses we used a 2132 bp clone of this type. The sequence of the clones with the longer 3 H end has been submitted to Genbank under the accession number AF127981.
Sequence comparison and alignments
Alignments of amino acid sequences were done using the CLUSTAL algorithm as implicated in Gene JockeyII (Taylor, 1995) . The accession numbers of the compared genes are XGli1 U57454, XGli3 U42461, XGli4 U42462, mouse Gli AF026305, human Gli X07384, Gallus Gli U60762, Gallus Gli3 U60763, C. elegans tra1 M93256, Drosophila ciD X54360, mouse Zic1 D32167, XZic2 U57453, XZic3 AB005292, XZic-r1 AF022927, mouse Zic4 D78174, mouse Zic2 D70848, mouse Zic3 D70849, Drosophila odd-paired S78339.
Fish stocks and maintenance
For our analyses we used zebra®shes commercially obtained from local pet shops and bred them to establish a Munich zebra®sh stock. Random crosses were regularly checked for spontaneous lethal mutations. Additionally we used the wildtype AB strain (Oregon), and golden mutants (Streisinger et al., 1981) , both obtained from the Tubingen stocks. The ®shes were kept according to standard techniques (Mullins et al., 1994) .
We used the following mutant alleles: chordino tm84 (din) Schulte-Merker et al., 1997) , cyclops af17 (cyc) (Hatta et al., 1991) ,¯oating head am29 (¯h) , golden b1 (gol) (Streisinger et al., 1981) , masterblind tm13 (mbl) , no tail tc41 (ntl) , sonic you t4 (syu) , swirl ta72 (swr) Kishimoto et al., 1997) .
In situ hybridization
Fixation of embryos and in situ hybridization procedures were done as described (Schulte-Merker et al., 1992) . For double in situs, carried out according to Hauptmann and Gerster (1994) , we used p-Iodonitrotetrazolium Violet (INT; Sigma) as second staining substrate for alkaline phosphatase. Some of the embryos were treated with Phenylthiocarbamide (1-Phenyl-2-thiourea, PTU; Sigma) to suppress pigmentation as described in Wester®eld (1993) . Stained embryos were embedded in glycerol and analysed using bright ®eld and nomarski optics with a compound microscope.
The probes that were used for double in situs were myoD , a-tropomyosin (Ohara et al., 1989) , and pax-2.1 (Lun and Brand, 1998) .
RNA injection experiments
For injection, we used a BamHI linearized sonic hedgehog (shh) clone (p64TZshh) described elsewhere (Krauss et al., 1993) . Capped RNA was produced using the cap scribe Kit (Boehringer Mannheim) and SP6 polymerase, subsequently puri®ed with microspin columns (Ultrafree 100.000 NMWL; Millipore) and diluted with RNAse free water. For injection, we added 25% phenol red solution (Sigma no. P0290). We injected approximately 20 pg per embryo into one to four cell stage embryos, preferably into the yolk near the blastomeres, according to standard methods (Wester®eld, 1993) . As a control we injected lac-Z RNA.
